Among fruits and fruit products, oranges and orange juice are the most widely consumed worldwide. However, the effects of pest infestation of oranges on the quality of orange juice are not yet known. To evaluate the effect of the oriental fruit fly Bactrocera dorsalis on the antioxidant activity of orange juice, we measured changes in the vitamin C (Vc) concentration, total phenol content, and antioxidant activity of orange juice after the introduction of fruit fly eggs. Ten days after the eggs were introduced (larvae removed), the concentration of Vc in orange juice was 18.65 µg/mL, which was 9.16 µg/mL lower than that measured in healthy orange juice. In addition, the total phenol content decreased by 46.519 mg Gallic Acid Equivalents (GAE)/g to 9.748 mg GAE/g. Furthermore, the free-radical scavenging activity decreased from 22.297% to 5.393%. Correlation analysis indicated significant correlations between Vc concentration, total phenol content, and antioxidant activity of orange juice after B. dorsalis infestation. The decrease in Vc concentration, total phenol content and free-radical scavenging activity indicated that B. dorsalis changed the quality of orange juice by affecting the antioxidant activity of the juice after the oranges were infested.
Introduction
A large number of studies showed that the intake of fruits and vegetables is helpful to reduce the incidence of cardiovascular, cerebrovascular diseases and tumors, which are closely related to the antioxidant function of active substances in fruits (Silalahi, 2002; Kaul et al., 2007; Pandey and Rizvi, 2009) . Antioxidants have been confirmed to include phenolic metabolites, carotenoids and vitamin C (Vc) (Kaul et al., 2007) . Fruits can be consumed fresh or used to make juice. Orange, Citrus sinensis (Osbeck), juice is the most popular and widely consumed fruit juice in the world, accounting for approximately two-thirds of the total global sales of fruit juice because of its bright color, high nutrition and pleasant aroma. Orange juice is rich in Vc concentration, which is an important source of this vitamin in daily diets (Fry et al., 1999) . Therefore, orange juice has antioxidant and macula protection functions.
In addition, orange juice plays an important role in the prevention of chronic and acute diseases owing to flavonoids, hesperidin, diosmin and other substances. Furthermore, orange juice is considered to have medicinal properties such as cancer prevention abilities and anti-inflammatory, anti-hypertensive, diuretic, painkilling and lipid-lowering activities (Emim et al., 1994; Galati et al., 1996; Naidu, 2003) . However, all these properties can be threatened if diseases or pests including tephritid fruit flies attack the orange fruits.
The oriental fruit fly Bactrocera dorsalis (Hendel) is one of the major pests that infest fruit and reduce production in tropical and subtropical regions (Lin et al., 2004; Cheng et al., 2017) . More than 200 types of fruits including citrus, mango, guava, annonaceous species, carambola and loquat infested by B. dorsalis are listed as quarantine fruit in China (Zhang et al., 2008) . Bactrocera dorsalis females lay eggs between the peel and flesh of fruit. When the larvae hatch, they eat and damage the fruit and gradually penetrate into the flesh, causing the whole fruit to rot (Rattanapun et al., 2009; Xu et al., 2012) . Although it is well recognized that feeding of insect pests often causes changes in the physical and chemical properties of the host plants (Kaul et al., 2007) , deposition of eggs by insects can also change the primary and secondary metabolism of plants (Hilker and Meiners, 2011) .
Plants respond to herbivores and pathogen through various mechanisms and produce a huge variety of secondary metabolites as defense chemicals such as phenolic compounds (Whitehead and Bowers, 2014) . Besides the other plant parts, these chemicals also play a key role in fruit defence, and different individual compounds from fruits can be effective against different classes of insects and microbes (Whitehead and Bowers, 2013) . Previous studies showed that inoculation of microbes to apple fruits changes its peroxidase and total phenolic compound compared to non-inoculated fruits (Mikani et al., 2011) . Inoculation also altered the antioxidant activities in fresh cut melon; however, no significant effect on ascorbic acid (VC) was observed (Plaza et al., 2016) . Phenolic compound are reason of taste and astringency (Ruiz-Cruz et al., 2017) and change in these compounds ultimately leading to change in fruit juice quality and chemical composition. There is still a lack of research on whether the antioxidant activity of orange fruit juice is affected by egg deposition of tephritid fruit flies. The question remains as to whether insect-infested fruit can be used to make fruit juice. In addition, the relationship between the degree of damage and the quality of the fruit juice is unclear.
This study determined the concentrations of Vc (vitamin C), phenolic compounds, and the antioxidant activity in fruit juice made with oranges that have been infested by B. dorsalis at different time after the introduction of eggs into oranges and then further evaluated the effect of B. dorsalis damage on fruit juice quality.
Material and Methods

Reagents
The main chemical reagents used in this experiment were sulfuric acid (AR 98%, Tianjin Fuchen Chemical Reagent Factory, Tianjin, China); oxalic acid (AR 99%, Tianjin Damao Chemical Reagent Factory, Tianjin, China); thiourea 2% (AR, Tianjin Fuchen Chemical Reagent Factory, Tianjin, China); 2,4-dinitrophenylhydrazine (AR 99%, Shanghai Meirel Chemical Technology Co., Ltd. Shanghai, China); anhydrous sodium carbonate (AR, Tianjin Baishi Chemical Co., Ltd., Tianjin, China); Folin-phenol reagent (2 mol/L, Beijing Dingguo Changsheng Biotechnology Co., Ltd., Beijing, China); 1,1-diphenyl-2-trinitrophenylhydrazine (AR 97%, Tixiai (Shanghai) Chemical Industry Development Co., Ltd., Shanghai, China); and anhydrous ethanol (AR, Tianjin Yongda Chemical Reagent Co., Ltd., Tianjin, China).
Flies and egg inoculation
Bactrocera dorsalis reared in the Department of Entomology, South China Agricultural University was used in the current experiment. Adult B. dorsalis were fed an artificial diet (sugar and yeast powder (torula yeast; Cyberlindnera jadinii), 1:3 w/w) and water. Fresh oranges, C. sinensis of similar size and maturity were purchased from three local supermarkets (replicates). Bactrocera dorsalis females usually varies in egg number at each oviposition and therefore it's difficult to estimate or control the number of egg per fruit based on the number of oviposition scars, or use varying densities. For the precise control of equal egg density across replicates, oranges were infested artificially by egg inoculation. The exocarp (approximately 1 cm 2 for each cut) of each orange was cut with a sterilized knife, and six recently collected eggs were introduced into the interface between the sarcocarp and the exocarp with a brush at each cut. Totally 30 eggs were introduced to five cuts of each orange. Then, the cut exocarp was returned to its original position without sealing, and the oranges were separately placed into a plastic box and were maintained at 25 °C. Three and ten days after egg inoculation, six oranges were removed for subsequent experiments.
Preliminary experiments showed that the concentration of Vc, total phenol content and free-radical scavenging activity measured in oranges with the 1-cm 2 exocarp incision did not change significantly within 10 days. Consequently, three oranges were randomly selected as the control; their outer rind was cut, and then the oranges were juiced and discarded.
To determine the effect of presence of absence of larvae on juice quality, after egg inoculation, three of the oranges were directly peeled and juiced without removing the insects, whereas the insects were removed from other three oranges and juiced. Most of the eggs did not hatch or some hatched within three days after the inoculation in the fruit, leading to no significant difference in the indicators between the insect removal and insect retention groups; therefore, we did not make a distinction between the treatments on the third day.
Effect of B. dorsalis infestation on the Vc concentration of orange juice
Two milliliters of orange juice and 2 mL of a 2% oxalic acid solution were placed in a small beaker and then mixed. Then, 1 mL of this mixture was taken in a volumetric flask (25-mL), diluted to 25 mL with 1% oxalic acid solution, and allowed to stand for 10 min before filtration. Subsequently, 1 g of activated carbon was added to the above filtrate, shaken for 1 min and filtered again. A 12.5-mL thiourea solution (2%) was added to 12.5 mL of the above filtrate and mixed in a 50-mL colorimetric tube. Then, the samples were preserved in a water bath at 37.2 °C for 3 h, placed in ice water for 1 min and after cooling at room temperature, 1 mL of a 2% 2, 4-dinitrophenylhydrazine solution was added, and the solution was incubated for 10-15 minutes at room temperature. The solution was then placed in ice water, and 5 mL of an 85% sulfuric acid solution was added drop wise, shaking when dropping to prevent carbonization. The solution was allowed to stand at room temperature for 30-35 minutes and the absorbance was measured with a Nano 300 micro spectrophotometer (Yuanping Hao Biotechnology Co., Ltd., Beijing, China) at a wavelength of 500 nm. We calculated the Vc concentration of orange juice using the following standard curve Equation 1:
where Y is absorbance at 500 nm, and X is the concentration of Vc.
Effect of B. dorsalis infestation on the total phenol content in orange juice
Orange juice (0.1 mL) and distilled water (6 mL) were placed in a 10-mL volumetric flask, and 0.5 mL of Folin-phenol reagent was added and mixed well. One minute later, 1.5 mL of a sodium carbonate solution (20%) was added, and the volume was made up to 10 mL using distilled water. The solution was allowed to stand in a darkroom at 25 °C for 2 hours, after which the absorbance was measured at 760 nm using a Nano 300 micro spectrophotometer (Yuanping Hao Biotechnology Co., Ltd. Beijing, China). The total phenol content was determined using gallic acid as a standard, and expressed as mg Gallic Acid Equivalents (GAE)/100g of dry matter (DM) and the standard curve as follows was used (Equation 2):
where Y is absorbance at 760 nm; and X is total phenol content.
Effects of B. dorsalis infestation on the total antioxidant activity of orange juice
The sample solution was prepared by placing 3 mL of orange juice in a 100-mL volumetric flask, and 95% ethanol was added to obtain a 100-mL sample solution. A 1,1-diphenyl-2-trinitrophenylhydrazine (DPPH) solution was prepared by taking 0.128 g of DPPH in a 500-mL volumetric flask and dissolving it with 95% ethanol to obtain a 257.7 mg·l -1 DPPH stock solution (6.5 × 10 -4 mol·l -1 ); the solution was shaken adequately and was stored in a refrigerator until use. Then, 4 mL of the 257.7 mg·l -1 DPPH solution and 1.0 mL of 95% ethanol were added to a 10-mL colorimetric tube. After shaking and stabilizing the reaction (reaction time 40 min), the absorbance (A 0 ) was measured at 518.4 nm with 95% ethanol solution as a reference. Later, 4 mL of 95% ethanol and 1 mL of the sample solution were added to a 10-mL colorimetric tube. After shaking and stabilizing the reaction (reaction time 40 min), the absorbance (A r ) was measured at 518.4 nm with 95% ethanol solution as a reference. Then, 4 mL of the 257.7 mg·l -1 DPPH solution and 1 mL of the sample solution were added to a 10-mL colorimetric tube. After shaking and stabilizing the reaction (reaction time 40 min), the absorbance (A) was measured at 518.4 nm with 95% ethanol solution as a reference. The free-radical scavenging activity (Y) was calculated according to the formula: Y (%) = (1-A 0 -A r / A 0 ) ×100; Where A 0 is the absorbance of the DPPH solution and Ar is the absorbance of the sample
Statistical analysis
Analyses were conducted using SPSS software v.13.0 (2011; IBM SPSS Statistics, Chicago, IL). One-way ANOVA was used to compare the differences in the Vc concentration, total phenol content and free-radical scavenging rate of orange juice among the different treatments, and Fisher's Least Significant Difference test (LSD) was used to make multiple comparisons. Correlation analysis was then carried out to determine significant correlations between different parameters.
Results
Changes in the surface characteristics of oranges and the color of orange juice
The degree of orange decay became increasingly serious in the inoculated fruit. The original smooth surface of the oranges did not change in the absence of egg inoculation. However, three days after egg inoculation, 1-mm black spots appeared, and after 10 days, the spots became larger (approximately 3 cm). Based on visual observation, although there was no visual change in the color of orange juice of three days inoculated fruit compared to the control, a greener color significant difference in the color of the orange juice three days after egg inoculation compared with the control, a greener color was observed after 10 days. A foul redolence was observed in fruits after 3 and 10 days of introduction of the eggs (Figure 1) .
Effect of B. dorsalis infestation on the Vc contents of orange juice
Vc concentration in orange juice differed among treatments (F 3, 11 = 32.053, P < 0.001). Bactrocera dorsalis infested fruit had a significantly lower concentration than the control; this was more evident for 10 days after inoculation fruit (Table 1) . Moreover, there was no significant difference in Vc contents between fruit with and without larvae removal (Table 1) .
Effect of B. dorsalis infestation on the total phenol content of orange juice
The average total phenol content of healthy orange juice was 56.267 mg GAE/g, which was significantly higher than that in the other treatments (F 3, 11 = 1037.077, P < 0.001). The total phenol content of orange juice decreased to 40.137 mg GAE/g 3 days after egg inoculation, and the decrease exceeded 40 mg GAE/g after 10 days. In addition, the removal of larvae had a significant effect on the total phenol content of orange juice ( Table 1) .
Effect of B. dorsalis infestation on the total antioxidant activity of orange juice
The average free-radical scavenging activity of healthy orange juice was 27.69%, indicating strong antioxidant activity. However, the free-radical scavenging rate was reduced considerably after the oranges were infested (F 3, 11 = 328.92, P < 0.001). The free-radical scavenging rate measured in orange juice decreased significantly to 19.08% after 3 days and continued to decrease to less than 10% after 10 days. In addition, the removal of larvae had a significant effect on the free-radical scavenging rate measured in orange juice ( Table 1) .
Correlation between Vc concentration, total phenol content and total antioxidant activity
Correlation analysis showed that Vc concentration and total phenol content were positively correlated (Figure 2A) . In addition, both Vc concentration and total phenol content were significantly positive correlated to total antioxidant activity ( Figures 2B, C) .
Discussion
The infestation of fruits by insects results in reduced yield and may also decrease the weight of a single fruit as well as affect the appearance characteristics such as fruit firmness and skin color (Fletcher, 1987) . In addition to this, eggs of insects when laid on the plants or fruits can change the primary and secondary metabolism of plants or plant parts (Hilker and Meiners, 2011) . As a result, pest infestation affect the content of soluble substances and the acidity and flavor characteristics of fruit (Birla et al., 2005) .
The results of the present study showed that the infestation of oranges by B. dorsalis affected both the appearance of the fruit and the color of the orange juice; a foul smell was also observed from infested fruits (Omoloye et al., 2016) . Egg deposition by insects itself can change the odour of fruits (Bruce et al., 2010) or this may also be attributed to the rapid growth of green mold caused by Penicillium digitatum Saccis or Penicillium notatum, one of the most economically important postharvest diseases of citrus (Leelasuphakul et al., 2008; Omoloye et al., 2016) . Infection was considered to occur through injuries made during piercing. Under natural conditions, fruits stung by fruit flies also decayed prematurely due to growth of several opportunistic fungi around the punctures made by fruit flies during oviposition and or on the ooze that comes out from fruits stung by fruit flies (Hill, 1983; Louis et al., 1996; Walsh et al., 2011) . Newell and Haramoto (1968) also found that fungi and bacteria are closely involved in the complex interrelationship between the eggs of B. dorsalis, the oviposition activity of fruit fly and its parasitoid, Opius oophilus Fullaway. Oviposition punctures in citrus fruits made by Ceratitis capitata (Wiedemann) were also confirmed to be infected by colonies of Aspergillus sp. and Penicillium sp (Omoloye et al., 2016) . Although changes in volatile odors were not measured in this study, unpleasant odors arose after the infestation of B. dorsalis and infection of opportunistic fungi; yet the differences in specific components need to be further determined. Vitamin C (Vc) is one of the essential vitamins required by the human body; a strong natural antioxidant which plays a very important role in maintaining the normal physiological function of human body. Deficiency of Vc can lead to a variety of diseases (Padayatty et al., 2003) . Oranges are one type of fruit that are rich in Vc, and the Vc content in citrus fruits can be affected by water and soil fertility, light, temperature, storage and several other factors (Klimczak et al., 2007; Mo et al., 2018) . Our study showed that the infestation of B. dorsalis also affects the content of Vc in the orange juice. These results suggests that the feeding holes formed by pests led to air circulation, which increased the oxygen content inside the fruit and accelerated the degradation of Vc (Green and Fry, 2005) or due to air present in the air chambers of eggs (Dias et al., 2018) . This is in agreement with the results of Omoloye et al. (2016) , who found that C. capitata infestation on sweet orange led to decrease in vitamin C contents progressively as the severity of attack increased. Furthermore, phenolic substances like flavonoids may also contribute to inhibit the photo oxidation of Vc (Del Caro et al., 2004; Wang et al., 2006) , which may be verified by the positive relationship between Vc and total phenols in our study.
Oranges are rich in phenolic substances, mainly flavonoids and phenolic acids (Miller and Rice-Evans, 1997) . These compounds have high biological activity and consequently, certain anti-oxidant, anti-inflammatory, anti-cancer and anti-bacterial activities in the human body (Naidu, 2003) as well as the ability to prevent cardiovascular diseases, diabetes and other ailments (Joshipura et al., 2001) . The decrease in the total phenol content may be related to the enhanced activity of polyphenol oxidase and the effect of oxygen, which can enter the fruit pulp through the outlet hole produced by B. dorsalis larvae (Medjkouh et al., 2016) . The phenolic substances decreased significantly after the infestation of B. dorsalis, and the content of these substances was less than 1/3 that of the control 10 days after egg inoculation, indicating that the intense chemical reaction inside the fruit resulted in the metabolism of phenolic substances with the growth and development of the larvae. The decreased free-radical scavenging activity is probably due to the loss of polyphenols, flavonoids and o-diphenols (Mraicha et al., 2010) . Other studies showed that the free-radical scavenging activity was positively correlated with the Vc concentration and total phenol content (Medjkouh et al., 2016) . In this study, the phenol content and free-radical scavenging activity measured in orange juice decreased significantly after egg inoculation, which may indirectly indicate free-radical scavenging activity significantly decreased when Vc and phenol content decreased.
Given that orange juice is a popular beverage, the present study, which focused on the nutritional value of orange juice after pest infestation, has important practical significance. This study showed that the Vc concentration, phenolic content and antioxidant activity measured in orange juice significantly decreased after infestation by B. dorsalis, which affected the quality of the juice. These results also indicate that orange fruit is not suitable for juice production after pest infestation. Therefore, it is suggested that effective pest control measures be taken in areas with B. dorsalis fruit flies to reduce economic losses.
